A new tangentially viewing interferometer has been operated on the Alcator C-Mod tokamak. This system uses both the near infrared and visible beams from a continuous wave, diode pumped, frequency doubled Nd:YAG laser to produce the two wavelengths needed for vibration subtraction. A single Bragg cell driven at two harmonically related frequencies provides the basis for a novel heterodyne detection technique. Comparison of the data from the tangentially viewing interferometer and a vertically viewing CO 2 interferometer will be discussed.
I. INTRODUCTION
Alcator C-Mod, a compact, high field tokamak, exhibits very short scale-length profiles of x-ray and electron temperature at the plasma edge during H-mode discharges. 1 The estimated 3-4 mm scale lengths for the electron density profile require the development of new interferometry techniques with spatial resolution of less than 1 mm. Two-color systems operating in the infrared ͑IR͒ ͑e.g., 10.6 m͒ would not have adequate resolution over the beam pathlengths required. The system described here was therefore designed to operate in the near IR range where the required spatial resolution could be obtained, and stable, diode pumped, continuous wave ͑cw͒, frequency doubled lasers were available. However, since the phase shift produced by the plasma is proportional to the wavelength of the laser, , and the effects of longitudinal and transverse vibrational motion vary as 1/, interferometer systems operating in the near IR have much more stringent design requirements than those operating in the IR. For example, to achieve the same resolution in the plasma line density, an interferometer operating at 1.064 m must be approximately a factor of 100 better at vibrational noise discrimination than a system running at 10.6 m.
II. CONCEPTUAL DESIGN
Two-color interferometer systems [2] [3] [4] [5] are now operational on several plasma experiments. These systems typically use two lasers whose beams are combined to provide the two wavelengths needed for vibration subtraction. Heterodyne operation 6, 7 of these systems usually requires a Bragg cell in the optical path of each laser before the beams are combined. Shown in Fig. 1͑a͒ is the conceptual design of a system requiring only one laser and one Bragg cell. Both the 0.532 and 1.064 m beams emitted by the cw frequency doubled laser enter a Bragg cell driven at both a fundamental frequency, , and its harmonic, 2. Approximately 50% of the power from each beam is not diffracted by the Bragg cell ͑0th order͒, while the remaining power goes into the 1st order beams. Since the Bragg cell is driven at two harmonically related frequencies, the 1st order beams at each wavelength are diffracted at the same angle. Note that the 1st order 1.064 and 0.532 m beams differ in frequency from their 0th order counterparts by and 2, respectively. Note also that a 2nd order 0.532 m beam is produced that must be discriminated against electronically.
In Fig. 1͑b͒ the important components of the interferometer are shown. On leaving the laser, the two beams are not perfectly coaxial because of refractive effects in the output coupler and beam forming optics. They are in fact displaced slightly and diverge away from each other at an angle of between 0.2 and 0.4 mrad. If the required subtraction errors ͑Ͻ0.01 rad͒ are to be obtained, it is very important to ensure that the beams traverse exactly the same path. Wedges and optical flats are used at the output of the laser to remove angular and translational errors. After going through the Bragg cell, the 1st order beams are used in the reference arm while the 0th order beams traverse the plasma and are returned by a retroreflector. These beams are combined at the beamsplitter. Harmonic separators are used to direct the visible and near IR beams to their respective detectors. These separators also discriminate against plasma light. Figure 2͑a͒ shows a simplified schematic of the Bragg cell drive electronics. The signal from a 60 MHz oscillator is first passed through a 3 db splitter. One signal is frequency doubled to 120 MHz, amplified, and combined with the second 60 MHz signal which has also been amplified. Note that both of these signals are phase locked since they are derived from the same source oscillator. Since the visible beam was generated as the frequency doubled component of the near IR beam, these beams are also phase locked. On being mixed at the detectors, the near IR signal will be centered around 60 MHz, and the visible signal will be centered around 120 MHz.
III. DETECTION
In Fig. 2͑b͒ we show a simplified schematic of the detection electronics used in the interferometer prototype. Both signals are detected by an avalanche photodiode, bandpass filtered, amplified through a limiter chain, and then filtered again. The 2nd order visible signal at 60 MHz mentioned earlier is eliminated by the filters. The 60 MHz signal is then divided by 2 with an emitter coupled logic ͑ECL͒ prescaler. The resulting 30 MHz signal is then applied to one input of an ECL XOR. The 120 MHz signal, after being divided by 4, is also applied to the XOR. Both input signals are now at 30 MHz. If p is the plasma phase shift in the near IR beam, and v is the vibration induced phase shift we can write the normalized signal as
The visible signal is just
On division by 2 and 4 we have
The output of the XOR after being properly filtered is proportional to the phase difference of these two signals. So if the measured signal out of the XOR/filter is m , then we have m ϭ 3 8 p . Thus the output depends only on the plasma phase shift. Vibrational effects have been removed. Figure 3 shows the optical layout of the prototype interferometer. Most of the components described in the conceptual design section should be readily identifiable. The optical table is approximately 120 cmϫ60 cm. All optics are enclosed in a light and air tight enclosure, and the beams are transported to the C-Mod vessel inside of polyvinychlor 
IV. PROTOTYPE INTERFEROMETER

V. RESULTS
Traces from the vertically viewing CO 2 interferometer and the new tangential interferometer are shown in Fig. 4 . Differences in path length result in approximately a factor of 2 more line density in the tangential interferometer. Generally the new interferometer reproduces the results from the CO 2 interferometer very well. Noise levels approach 1 ϫ10 19 m
Ϫ2
, about a factor of 2-5 worse than the CO 2 interferometer. Keep in mind that a retroreflector and mirror are mounted in-vessel and subject to very large vibration levels ͑e.g., 1 mm͒, several times those experienced by the CO 2 system. Early in the discharge, between 0.1 and 0.3 s, there is also low frequency drift in the signal. Drift of this nature is usually related to angular changes in alignment rather than displacements along the beam path. Alcator C-Mod is a liquid nitrogen cooled tokamak. Very large, time dependent temperature gradients around the interferometer port made maintaining alignment over a run day difficult. All results obtained so far have not been at what was considered optimal alignment. High speed piezoelectric feedback of the plasma arm position is currently being tested. This system should both maintain alignment and reduce subtraction errors at frequencies р1 kHz.
VI. DISCUSSION
A new type of two-color interferometer has now been used to successfully measure the line integrated electron density on Alcator C-Mod. With some improvement, this device will become a reliable electron density diagnostic capable of high spatial resolution. Plans are now being developed to expand this system into a multi-chord interferometer covering 4-6 cm at the plasma edge. FIG. 4 . Results from the CO 2 two-color interferometer ͑TCI͒ and the tangential two-color interferometer ͑TTCI͒ are compared. A factor of 2 difference in line integrated density results from pathlength differences in the two views.
